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Abstract 
Thin films of Pt/Co/AlOx, showing perpendicular magnetic anisotropy, were grown by magnetron 
sputtering with the AlOx formed by oxidation of thin Al layers using an oxygen atom source. Films 
were studied as a function of Pt thickness and Al oxidation and films which showed full remanence 
and sharp switching coercive were achieved. In order to prevent further oxidation of the interface in 
ambient conditions we use a double Al growth and oxidation process. Magneto optical Kerr effect 
and vibrating sample magnetometry were used to analyse these films. We find an effective 
perpendicular anisotropy of 2.0 x 106 erg/cm3, with the majority of the perpendicular anisotropy 
coming from the Pt/Co interface. From the sweep rate dependence of the coercivity we are able to 
extract an activation volume of 4.3 ± 0.5 x 10-18 cm3, similar to other Co-based perpendicular 
systems. 
 
 
 
 
 
 
1. Introduction 
The recent discovery of novel spin orbit torque effects in systems with either a heavy metal in 
contact with a magnetic layer or an interface between a magnetic layer and an oxide has led to an 
intensive research effort studying asymmetric magnetic multilayers [1,2,3]. Different origins of the 
torques have been proposed, coming from spin injection into the ferromagnetic layer due to the spin 
Hall effect in the heavy metal underlayer [2,3], or from the Rashba effect across the 
ferromagnetic/oxide interface [1,4]. Recent work has attempted to disentangle the sources of these 
torques and generalize their forms [4]. The interest in these materials comes both from the 
discovery of novel spin-dependent behaviour, as well as the possibility of exploiting these for new 
commercially-relevant devices. Spin-orbit torque driven memory [5] and logic devices [6] have been 
proposed which appear to have lower operating currents than STT MRAM devices [5]. Since these 
effects are current driven, both the heavy metal underlayers as well as the metal/oxide 
heterointerfaces need to be optimized [7].  Switching of magnetic layers via current may also 
provide a way of injecting data into nanomagnetic logic schemes, which are driven by magnetic field 
or current pulses [8,9,10]. The separation of the injection of data from the means of controlling the 
logic gates themselves is advantageous because it leads to larger device operating margins.  
One important discovery in a Pt/Co/AlOx system is that of high domain wall velocities [11]. 
This is due to a combination of both the spin-orbit torque induced motion and the Dzyaloshinskii-
Moriya interaction [12]. The Dzyaloshinskii-Moriya interaction is a chiral interaction that can occur in 
thin film systems due to a combination of spin-orbit coupling and broken symmetry at the interface 
[13,14]. The Pt/Co/AlOx system has been shown to lead to a large Dzyaloshinskii-Moriya interaction 
[15,16]. It has also been shown that a voltage applied across the AlOx can induce pinning in domain 
walls, due to local changes in the anisotropy induced by the electric field [17].  
 This makes Pt/Co/AlOx an important model system which also has the advantage of 
consisting of relatively well-understood elements: Pt and Co form a standard perpendicular 
anisotropy system and AlOx growth has been widely studied due to its relevance as a tunnel barrier 
[18]. In this paper we study the effects of oxidation of the AlOx and the Pt underlayer thickness in 
Pt/Co/AlOx perpendicularly magnetized multilayers, in particular looking at the relative contributions 
of the two interfaces to the perpendicular anisotropy, as a step towards usage in nanomagnetic 
devices. 
 
2. Sample growth 
Pt/Co/Al trilayers were magnetron sputtered at room temperature in a system with a base pressure 
of 3x10-8 mbar onto substrates with a native silicon oxide. The sputter powers were 100 W for the 
Pt, 60 W for the Co and 50 W for the Al, at an Ar pressure of 8 x 10-3 mbar followed by oxidation of 
the Al layers by an oxygen atom source.  The atom source creates a plasma using a microwave 
magnetron and is fitted with a low conductance aperture which provides unionized oxygen atoms at 
thermal energies. Previous Pt/Co/AlOx studies have mainly used rf sources to provide an oxygen 
plasma [19,20]. The atom source is located in the load-lock of the main system which has a base 
pressure of 1 x 10-7 mbar. All films were oxidized at a constant O2 chamber pressure of 6 x 10
-5 mbar 
with a 25 mA magnetron current. With a fixed pressure and current, the optimization of the 
oxidation of the Al layer can be studied in two ways. Firstly, Al layers of different thickness can be 
grown and then oxidized for a set time. Secondly for a fixed thickness Al layer the oxidation time can 
be varied. The first approach is demonstrated in figure 1, using a Pt (4 nm)/Co (0.6 nm)/Al (t) stack, 
where, for the films which are oxidized by the atom source, the oxidation time is fixed at 1 min. 
Initially, a sample with a naturally oxidized 2 nm Al film is measured by polar magneto-optical Kerr 
effect (MOKE) magnetometry under an applied perpendicular field which shows a hard axis loop 
saturating around 800 Oe. For a 2 nm film that undergoes 1 min of oxidation we see a slight 
decrease in the out-of-plane saturation to around 600 Oe. This suggests that very little oxygen is 
reaching the interface through the 2 nm film. As the thickness of the Al layer is reduced we see fully 
remanent perpendicular hysteresis loops between 1.2 nm and 1.5 nm Al before the films show a 
slanted in-plane type loop for thinner Al. This shows how the oxidation of the film reached the Co/Al 
interface, which leads to maximized perpendicular anisotropy before leading to the oxidation of the 
Co [19,20,21]. We found that when growing 1.5 nm of Al or more we were unable to oxidize the film 
to an equivalent state as seen for the 1.3 nm film, even with 10 min oxidation time. This is consistent 
with previous reports showing an exponential change of oxidation time with Al thickness [22]. This 
restricts this technique to thin Al layers. However, at atmospheric pressure the limiting oxide 
thickness in Al is around 2 nm. Therefore, using Al layers of around 1 nm means that the devices will 
not survive in air for a long period of time. Eventually the Al layer will fully oxidize along with the Co 
layer underneath, something seen experimentally with the loss of magnetization of the samples over 
time. To overcome this problem we sequentially sputter and oxidize two layers of Al which leads to a 
total thickness of oxide which does not lead to further penetration of oxygen to the Co interface 
when exposed to air. 
For spin orbit torque devices there are three considerations which can determine the PT layer 
thickness. Firstly, the Co/Pt interface provides perpendicular anisotropy. Secondly, in order to 
achieve high current densities and so maximize the possibility of observing current driven effects, 
this layer should be as thin as possible. Thirdly, however, the size of any spin Hall effect from this 
layer should be maximized. This third part requires knowledge about the spin diffusion length in Pt. 
Recent experiments have shown that in sputtered Pt, where the resistivity is higher than in MBE 
grown or foil samples the spin diffusion length can be very low. A typical value of 1.4 nm has been 
suggested and values as low as 0.5 nm have been reported [23]. This means that an optimized Pt 
underlayer should be as thin as possible but not thinner than around 1.5 nm. In figure 2 polar MOKE 
loops are shown with three samples with differing Pt underlayer thickness. For 3 nm Pt thickness 
(figure 2(a)) we have a fully perpendicular anisotropy with full remanence. For 2.5 nm (figure 2(b)) 
the film is still perpendicular but has slightly less than full remanence whilst for the 2 nm (figure 2(c)) 
Pt film we see that the loop is heavily slanted, suggesting the loss of perpendicular anisotropy. This 
shows how the Pt underlayer is important in providing perpendicular anisotropy to the system. The 
thinner Pt layers have lower interface anisotropies as the (111) texture which maximizes the 
perpendicular anisotropy has not fully developed. In this case the loss of perpendicular anisotropy 
occurs for thicker layers than the likely spin diffusion limit. This is an important difference between 
Pt/Co/AlOx and systems where the magnetic layer contains Fe which can be perpendicular just from 
the magnetic metal/oxide interface [7]. 
 
3.1 Magnetic properties of an optimized film 
Figure 3 shows magnetic hysteresis loops taken by vibrating sample magnetometry (VSM) of a Pt (4 
nm)/ Co (0.8 nm) / AlOx film, where the AlOx was formed by two steps of 1.3 nm Al followed by 1 
min of oxidation. The measurements shown here were taken a year after the sample was grown, 
having been stored in air. In figure 3(a), with the field applied perpendicularly to the film there is an 
easy axis loop with 100 % remanence with a switching field of around 75 Oe. Applying the field in the 
film plane (figure 3(b)) a clear hard axis loop is seen with a saturation field of 6 kOe. The hard axis 
curve is not particularly sharp in the transition from saturation which may suggest some 
inhomogeneity across the ~0.5 cm2 sample. This may originate from the relatively small beam size of 
the atom source which has a 1 cm diameter aperture. From these loops a saturation magnetization, 
Ms, of 650 ± 50 emu/cm
3 can be extracted. This is significantly lower than the bulk Ms of Co, 1400 
emu/cm3, but in line with other measurements on this system where an Ms of 800 emu/cm
3 has 
been reported [19]. The reduction may come from interfacial intermixing with the Pt at the bottom 
interface and slight oxidation at the top. Using the saturation field, HK, as well as Ms, the effective 
anisotropy of the Co layer, 𝐾𝑒𝑓𝑓 = 𝐻𝐾
𝑀𝑠
2
, can be calculated, giving a value of 2.0 x 106 erg/cm3. 
Furthermore, the total interfacial uniaxial anisotropy can be estimated from 𝐾𝑒𝑓𝑓 =  𝐾1 /𝑡 + 𝐾𝑣, 
with K1 the interfacial uniaxial anisotropy, t the thickness, and Kv the volume anisotropy of Co. Using 
an average literature value for the volume anisotropy of Co, Kv = -9 x 10
6 erg/cm3 [24], which 
corresponds to that found in similar thin films, and is between the bulk values expected for fcc and 
hcp lattices, we find an interface anisotropy for both interfaces of 0.88 erg/cm2. One interesting 
question for these types of multilayers is the contributions of the top and bottom surfaces to the 
interface anisotropy. It has been shown in Pt/Co/Pt systems that the majority of the anisotropy is 
actually from the bottom interface, due to the greater intermixing of Pt grown on Co, than of Co 
grown on Pt [25].  From the total interfacial anisotropy and the hard axis out-of-plane saturation 
from the 2 nm Al unoxidized sample (in figure 1) we can estimate the relative contributions to the 
interface anisotropy from the Pt/Co and Co/AlOx interfaces. The 2 nm unoxidized sample, which has 
a 0.6 nm Co layer, shows in-plane anisotropy and saturates out-of-plane at around 800 Oe. Assuming 
that a Co/Al interface provides no out-of-plane anisotropy, we can estimate that the bottom 
interface provides 8.7 x 106 erg/cm3 of the total anisotropy which is equivalent to an interfacial 
anisotropy of 0.52 erg/cm2 [25,29]. Therefore, the Co/AlOx interface is providing around 0.36 
erg/cm2 of perpendicular interfacial anisotropy [19]. This gives only an approximation of the 
anisotropies due to the assumption that go into the calculation, including that of no anisotropy 
contribution from a Co/Al interface. Similar Pt/Co systems with only one contributing interface show 
perpendicular magnetization indicating the strength of this interfacial term [25,30]. We see that 
even in an as-grown system the Co/AlOx interface is able to achieve significant perpendicular 
interfacial anisotropy. Whilst larger interfacial anisotropies may be obtainable through annealing 
Co/oxide interfaces, this may affect other layers in a multilayer system, degrading the performance 
of the device as a whole. Control of the relative ratios of the top and bottom anisotropies could 
allow tuning of such effects as spin orbit torques, Dzyaloshinskii-Moriya interaction or voltage 
controlled anisotropy [1,26,27]. Understanding how the interfacial anisotropy and other interfacial 
effects are related to each other is an important step for the optimization of devices. 
 
 
3.2 Rate Dependence of the coercivity 
The rate dependence of the coercivity of the 0.8 nm Co film characterized above has also been 
measured, shown in figure 4. The coercive field of the sample is plotted as a function of the natural 
log of the sweep rate. This plot shows, as is seen in other perpendicular anisotropy films, two 
distinct regions of rate dependence [31], marked by the continuous and dashed lines in the figure. 
The reversal at lower sweep rates is due to nucleation of a small number of domains which then 
expand across the sample. At higher sweep rates the reversal is dominated by the nucleation of new 
domains [32,33]. This is also associated with a slanting of the hysteresis loop. From the lower sweep 
rate linear regime we can fit the line with the equation [31]: 
𝐻𝑐 = [ln(?̇?) + ln (𝑙𝑛2 × 𝑡𝐻=0 ×
𝑉∗𝑀𝑠
𝑘𝐵𝑇
)] ×
𝑘𝐵𝑇
𝑉∗𝑀𝑠
 
Where Hc is the coercivity, Ḣ is the field sweep rate, tH=0 is the magnetic decay time, V* is the 
activation volume, kB the Boltzmann constant and T the temperature. From the graph we extract a 
slope of 14.9 ± 0.7 Oe and an intercept of 44 ± 4 Oe. Using Ms from the VSM measurement and the 
slope and intercept of the graph allows us to determine V* = 4.3 ± 0.5 x 10-18 cm3 and tH=0 = 385 s. 
The activation volume is similar to those quoted elsewhere for perpendicular Co layers [31,32,34]. 
The activation volume has a related length scale, found by 𝑙∗ = √
𝑉∗
𝑡
, where t is the sample thickness, 
which we find to be 85 nm. It is notable that in these perpendicular films this characteristic length 
scale becomes quite large such that it is easy to pattern elements which are around this critical 
length, which would be expected to cause a change in the magnetic properties of the layer [35,36]. 
 
4. Conclusion 
We have grown perpendicularly magnetized Pt/Co/AlOx films, making the AlOx using an atom source 
to oxidize thin Al films. We find that a double Al film and oxidation step is necessary to create AlOx 
thick enough to protect the Co from oxidation. By deducing the effect of an optimally oxidized AlOx 
layer on the perpendicular anisotropy we show that the Pt/Co interface is responsible for most of 
the perpendicular anisotropy. We use the rate dependence of the coercivity to extract the activation 
volume which is comparable to other perpendicular Co systems. The results highlight the importance 
of understanding the different interface effects in such asymmetric magnetic multilayers which can 
be optimized to make them suitable for use in novel nanomagnetic devices. 
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 Figure 1. Polar MOKE loops under perpendicular fields of Pt (4 nm) / Co (0.6 nm) / Al (t) films for 1 
min oxidation time. The loops are offset for clarity. 
 
Figure 2. Polar MOKE loops under perpendicular fields for Pt (t) / Co (0.6 nm) / AlOx, for t = (a) 3 nm, 
(b) 2.5 nm, (c) 2 nm. 
 
Figure 3. (a) Easy axis and (b) hard axis loops of a Pt (4 nm) / Co (0.8 nm) / AlOx sample taken by 
VSM. 
 
Figure 4. Field sweep rate dependence of the coercivity of the sample measured in figure 3. The 
unbroken and dashed lines show the two switching regimes seen in the film. 
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